Cigarette smoke (CS) causes pulmonary emphysema in humans and elastin degradation plays a key role in its pathogenesis. Previous studies on CS-exposed animals have been equivocal and have not clearly demonstrated the progression of the disease. In this study, morphometry was used to assess lung modifications to alveolar septa, airspaces, elastic and collagen fibers, and alveolar macrophages. Male (n = 40) C57/BL6 mice were exposed 3 times/day, whole body, to CS from three cigarettes for 10, 20, 30, or 60 days. Control groups (n = 10) were sham-smoked or received no exposure (day 0, n = 10). Morphometry included measurements of volume fraction of alveolar septa and airspaces, elastic and collagen fibers, and surface fraction of elastic fibers and alveolar septa. Morphometrical differences in mice after 60 days of exposure were greater than those after 10, 20, or 30 days, suggesting a progression of the disease. Inflammatory lesions in the lungs of mice contained significantly more metalloelastase in macrophages at 10, 20, and 30 days than in controls of mice exposed for 60 days. These results suggest that elastin degradation took place during development of pulmonary changes in mice exposed to CS, and activation of MMPs specific for elastin may be a determining factor for susceptibility to emphysema.
INTRODUCTION
Cigarette smoke (CS) 1 is a complex mixture of chemicals containing more than 4,000 different constituents (Rahman and MacNee, 1996) . CS is the major risk factor for pulmonary emphysema in humans (Hogg and Senior, 2002) . Human pulmonary emphysema is defined as an abnormal permanent enlargement of the airspaces distal to the terminal bronchioles, accompanied by destruction of the alveolar septa without obvious fibrosis (Thurlbeck, 1984) .
One of the current hypotheses of the pathogenesis of emphysema postulates that an imbalance between proteases and antiproteases leads to the destructive changes in the lung parenchyma (Tetley, 1993; Evans and Pryor, 1994; Selman et al., 1996; Hogg and Senior, 2002) . Loss of elastic recoil and histological evidence of damage to elastic fibers implicate elastin degradation as a key factor in the pathogenesis of this disease (Niewoehner, 1988; McCusker, 1992; Shapiro, 1994; Ohnishi et al., 1998) .
Neutrophils have been considered by some researchers to be the main cell type involved in this elastolytic injury Address correspondence to: Luis Cristóvão de Moraes Sobrino Porto, State University of Rio de Janeiro, Institute of Biology Roberto Alcantara Gomes, Department of Histology and Embryology, Av. Prof. Manoel de Abreu 444 3 • andar, Rio de Janeiro, RJ, Brazil 20551-170; e-mail: lcporto@uerj.br 1 Abbreviations: CS, cigarette smoke; MMP, metalloelastase; IUR, isotropic uniform random; v spt , volume fraction of alveolar septa; v air , volume fraction of airspaces; v el , volume fraction of elastic fibers; v col , volume fraction of collagen fibers; s el , surface fraction of elastic fibers; s spt , surface fraction of alveolar septa; v spt , volume of alveolar septa; v air , volume of air; v el , volume of elastic fibers; v col , volume of collagen fibers; s spt , surface of alveolar septa; s el , surface of elastic fibers. (Babior, 2000; Dhami et al., 2000) . There is also evidence suggesting that alveolar macrophages may play a prominent role in the disruption of lung architecture (Shapiro, 1994; Finlay et al., 1997; Hautamaki et al., 1997; Sansores et al., 1997; Ofulue and Ko 1999) . Alveolar macrophages are considered the first line of pulmonary defense and occupy a functional position of primary importance in pulmonary clearance since they are capable of uptake, transport and elimination of particles, microorganisms and fluids by the processes of phagocytosis, pinocytosis, and digestion (Powell and Green, 1972; Niewoehner, 1988; McCusker, 1992) .
Macrophage metalloelastase (MMP-12) is a distinct member of the metalloproteinase gene family with potent elastolytic activity and broad substrate specificity. Metalloelastase mRNA and protein induced by CS are expressed in mice alveolar macrophages, and their abundance in the lower airways may be considered a major factor for pulmonary emphysema (Belaaouaj et al., 1995) .
To examine the lung effects of cigarette-smoke exposure over time, we studied the pulmonary elastic and collagen fibers morphological changes, as well as volume and surface fractions of alveolar septa. We also analyzed the MMP-12 time-expression in alveolar macrophages of C57/BL6 mice.
MATERIALS AND METHODS

Experimental Model
Adult male C57/BL6 were housed, 5 per cage, in a controlled-environment room with light/dark cycle conditions (12 hours of light/12 hours of dark; lights on at 6 p.m.), for an acclimatization period of at least 3 weeks. Animals 352 VALENÇ A ET AL.
TOXICOLOGIC PATHOLOGY had free access to water and food and ambient temperature was kept at 25 ± 2 • C. Groups of C57/BL6 male mice (n = 5), weighing 20-22 g, were exposed to a smoke-air mixture of commercial filtered Virginia cigarette, 3 times/day, 7 days/week, for 10 (CS10d), 20 (CS20d), 30 (CS30d), or 60 (CS60d) days with wholebody exposure in an inhalation chamber. A control group (n = 5), day 0, and a sham-smoke exposed group, day 60 (n = 5), were also euthanatized. This protocol was performed twice with a total of 60 animals euthanatized. Animals from control and CS60d groups were weighed on the day of sacrifice.
Each group of animals was placed in the inhalation chamber (40 cm long, 30 cm wide, and 25 cm high), inside an exhaustion chapel. A cigarette was coupled to a plastic 60-ml syringe so that puffs could be drawn in and subsequently expelled into the exposure chamber. One liter of smoke from 1 cigarette was aspirated with this syringe (20 puffs of 50 ml), and the puff was immediately injected into the chamber. The 5 animals of the group were maintained in this smoke-air condition ( ∼ =3 %) for 6 minutes. Then the cover was removed from the inhalation chamber, and by turning on the exhaustion of the chapel, the smoke evacuated within 1 minute. This cigarette exposure was repeated 3 times in succession for 3 times per day (morning, lunch time, and afternoon) resulting in 54 minutes of cigarette-smoke exposure from 9 cigarettes. The experimental protocol was approved by the Instituto de Biologia Roberto Alcantara Gomes Animal Research Ethics Committee-UERJ.
Histology
To analyze the lung by morphometry, the sample design should take care of bias related to the orientation of the structures in the lung. Estimates of areas, lengths, and numbers can be obtained for lung specimens with isotropic uniform random (IUR) tissue section. The IUR sections were used to avoid influence of tissue anisotropy (Gundersen and Jensen, 1987) .
Sacrifice of the control and exposed groups to cigarette smoke of each protocol (n = 30) was performed by intraperitoneal injection of pentobarbital (50 mg/kg) during the same day. After a midline thoracotomy, the trachea was cannulated, and the lungs were fixed by instillation 0.5 of buffered formaline (10%), at a pressure of 18-22 cm H 2 O, during one to two minutes. The trachea was then ligated, and the lungs, separated from the heart, were immersed in the fixative solution for 48 hours. The left lung was sectioned perpendicularly to the lung base (apico-basal axis), giving origin of 2 halves with portions of the upper, middle, and base of the lung. Each paraffin tissue block contained the lung halves with the sectioned portions oriented to the cutting face of the block. Serial sectioning was performed, and sections with 30-100 µm of interval (IUR) were selected for staining and morphometry.
Immunohistochemistry
Immunohistochemistry was performed to detect the presence and distribution of metalloelastase (MMP-12) in cell populations of alveolar and septal macrophages. The sections (5 µm) were deparaffinized and hydrated. After blocking of endogenous peroxidase, sections were incubated with a goat polyclonal primary anti-metalloelastase (Santa Cruz Biotechnology, Ca, USA). For revelation, the secondary antibody against goat IgG biotin conjugated, and streptavidin complex (Santa Cruz Biotechnology) were used. Diaminobenzidine was used as chromogen, and nuclei were stained with Delafield's Hematoxyilin. Negative controls were performed, replacing the primary antibody by non immuno-serum. No labeling was observed.
Morphometry
To obtain uniform and proportional sampling of the parenchyma, 18 fields (6 nonoverlapping fields of 3 different IUR sections) were randomly analyzed using a videomicroscope (Zeiss-Axioplan-×20 objective lens and JVC color video camera linked to a Sony Trinitron color video monitor), and a cycloid test-system was superimposed on the monitor screen.
The reference volume was estimated by point counting using the test points that hit the parenchyma or airspaces (P T ). The number of points hitting the alveolar septa, airspaces, elastic and collagen fibers (P P ) were counted to estimate the volume densities of these structures (V = P P /P T ) (Davies, 1991; Valença et al., 2004) . Intercepts between the alveolar septa surface and intercepts between elastic fibers were counted with the cycloid arcs (I L ) to estimate the surface of alveolar gas exchange and continuity of the elastic component (S = 2 · I L ), respectively.
A total area of 1.94 mm 2 per lung parenchyma was analyzed for the determination of Volume and Surface of alveolar septa (v spt and s spt ) and Volume of airspaces (v air ) in sections stained with hematoxylin-eosin. The same area was examined for the determination of Volume and Surface of elastic fibers (v el and s el ) in orcein stained sections and Volume of collagen fibers (v col ) in sirius red-stained sections. v spt , v air , v el , v col , s spt , and s el obtained from the animals in each group were tested for normality with the Kolmogorov and Smirnov test. The mean values v spt , v air , v el , v col , s spt , and s el of the control group were considered as 100%. The difference between the volume or surface fraction in each area test at CS10d, CS20d, CS30d, and CS60d as well as the mean of the control were obtained to calculate the mean and SD of v spt , v air , v el , v col , s spt , and s el .
Macrophage Quantification
Macrophages were quantified in Giemsa-stained sections. Macrophages cells were determined in 30 fields of 26,000 µm 2 (10 random fields of 3 different IUR sections) in each lung. The 40× objective microscopic field image was observed in an Olympus BH-2 equipped with an eyepiece with a graticule.
Statistical Analysis
No differences were observed among the 2 series. Oneway analysis of variance-ANOVA, followed by the Tukey-Kramer multiple comparison test, using a p < 0.05, was performed to determine differences among alveolar macrophages numbers and v spt , v air , v el , v col , s spt , and s el at CS10d, CS20d, CS30d, CS60d, and control. InStat GraphPad software was used to perform statistical analysis (GraphPad InStat version 3.00 for Windows 95, GraphPad Software, San Diego, California, USA). Vol. 32, No. 3, 2004 SMOKE-INDUCED EMPHYSEMA IN MICE 353 RESULTS CS had no impact on the weight of the mice. In the control mice, the mean body weight was 22 ± 1 g at the time of sacrifice, whereas the mean body weight in CS60d mice was 22 ± 2 g. Control lungs, with 60 days' sham-exposed condition, exhibited normal size airspaces with thin septa where occasional alveolar macrophages were seen (Figures 1a and 4a) .
Alveolar macrophages were more numerous in the lungs of CS10d mice; some airspaces seemed irregular in size, and septa were thin (Figure 1b ) with no changes in elastic and collagen fibers. In the lungs from the CS20d mice, alveolar macrophages were easily found, sometimes in clusters or isolated in the middle of the airspaces; irregular airspaces and thickened septa with an edematous or cell infiltrated were observed (Figure 1c ). Airspaces in the lungs from the CS30d group were enlarged, and some septa seemed to be broken (Figure 1d) ; alveolar macrophages were frequent. Few enlarged airspaces and very irregular size airspaces were observed in the lungs of CS60d (Figure 1e ); thick collagen fibers were observed in the septa (Figure 1f ), and macrophages were easily found in some areas but had an irregular distribution. The histological analysis showed rare neutrophils in the lungs from CS-exposed mice. Morphometrical data in the control and CS-exposed groups are shown in Table 1 . An increase of v air in exposed groups was detected with a concurrent decrease of v spt . The changes of elastic and collagen fibers in the lungs of mice exposed to CS in the different groups were shown by morphometrical methods. Accordingly, the v el decreased progressively in all exposed groups of mice ( p < 0.001) when compared with the control group (Table 1) . The v col decreased in the CS10d, CS20d, and CS30d groups ( p < 0.001), whereas there was no difference between the v col in the CS60d group and the control mice. The s spt decreased significantly ( p < 0.001) in the exposed mice compared with the control group (Table 1) , and the s el on alveolar septa decreased parallel to changes in the lungs of the exposed groups (Figure 2 ). The number of alveolar macrophages increased after CS10d and were significantly different from controls in the CS20d group. In the CS60d mice group, the alveolar macrophages number decreased when compared with CS30d (Figure 3) .
MMP-12 expression was evident in the immunolabelled section where immunohistochemistry was performed. Macrophages in the lungs of the control group did not show MMP-12 expression (Figure 4a) , while alveolar and septal macrophages of groups CS10d, CS20d, and CS30d 354 VALENÇ A ET AL.
TOXICOLOGIC PATHOLOGY v air 100 ± 24 103 ± 27 122 ± 32 * * * 127 ± 18 * * * 146 ± 27 * * * v spt 100 ± 20 97 ± 23 80 ± 27 * * * 76 ± 16 * * * 59 ± 23 * * * v el 100 ± 26 79 ± 27 * * * 72 ± 28 * * * 67 ± 23 * * * 56 ± 22 * * * v col 100 ± 27 79 ± 21 * * * 77 ± 26 * * * 73 ± 23 * * * 92 ± 25 s spt 100 ± 15 101 ± 26 90 ± 18 * * 80 ± 15 * * * 61 ± 11 * * * s el 100 ± 22 85 ± 18 * * * 83 ± 23 * * * 75 ± 20 * * * 67 ± 19 * * * a 0-and 60-day sham cigarette-smoke groups pooled as 100%. CS = cigarette smoke. * * p ≤ 0.01. * * * p ≤ 0.001. of mice exposed to CS showed some degree of MMP-12 expression (Figure 4b ). Alveolar and septal macrophages in the CS60d group did not show MMP-12 expression ( Figure 4c ). Control (0 and 60 days sham cigarette-smoke condition) and cigarette-smoke exposed for 10, 20, 30, and 60 days, CS10d, CS20d, CS30d, and CS60d groups, respectively. Statistical significance: ( * * ) p ≤ 0.01; ( * * * ) p ≤ 0.001 when compared with control.
DISCUSSION
In a normal lung, elastic and collagen fibers are responsible for compliance and lung distensibility, respectively (Lang et al., 1993) . Emphysema is characterized by abnormal and permanent enlargement of lung respiratory regions, distal to terminal bronchioles. This enlargement is accompanied by changes in the extracellular matrix. Epidemiological evidence associates pulmonary emphysema in humans with long-time CS exposure (Thurlbeck, 1984) .
Many reports suggest that emphysema in mice, as in human smokers, is the result, at least partly, of the imbalance between proteases released by phagocytes (neutrophils and, mainly, alveolar macrophages) and antiproteases in the alveolar tissues (Shipley et al., 1996; Hautamaki et al., 1997; Babior, 2000) . The lung effects of CS exposure are variable depending on the exposure models (Heckman and Dalbey, 1982; Peatfield et al., 1986; Wright and Churg, 1990; McCusker, 1992; Escolar et al., 1995 Escolar et al., , 1996 Cendon et al., 1997; Sansores et al., 1997; Ofulue and Ko, 1999; March et al., 1999; Coggins, 2001; Cavarra et al., 2001; Churg et al., 2002) . Moreover, the levels of α1-protease inhibitor in mice could influence the lung response to CS exposure. C57/BL6 is a good animal model for CS exposure because the levels of α1-protease inhibitor in plasma, comparative to human, have an acceptable range, which is greater than the range in other strains such as NMRI or BALB/c mice (Dhami et al., 2000; Cavarra et al., 2001) .
This research suggests that the results at CS60d are comparable to emphysema. Few septal fragments were thickened, and many enlarged airspaces were detected, in accordance with the pathologist's definition of emphysema as a condition of the lung characterized by abnormal permanent enlargement of the airspaces distal to terminal bronchioles, accompanied by destruction of alveolar septa. Moreover, the morphometrical measurements suggest changes in the extracellular matrix.
This study also showed that mice exposed to CS exhibited an increased number of alveolar macrophages. The macrophages produce and release catepsin B, D, L, and S, matrillisin, gelatinase A and B, and MMP-12 (Chapman Vol. 32, No. 3, 2004 SMOKE-INDUCED EMPHYSEMA IN MICE 355 FIGURE 4 .-Lung photomicrographs with immunohistochemical reaction to metalloelastase (MMP-12). (a) Control mouse with alveolar and septal macrophages not expressing MMP-12 (arrows). (b) Cigarette-smoke-exposed (CS) mouse for 20 days with alveolar and septal macrophages immunopositive for MMP-12 (arrows). (c) CS mouse for 60 days with alveolar macrophages not labeled for metalloelastase (arrows). (a, b, and c). ×400. and Stone, 1984; Shapiro, 1994; Ohnishi et al., 1998) . All these proteases exert a highly proteolytic role in the lung, and some are capable of inhibiting or inactivating-or even degrading-α1-protease inhibitor and other antiproteases, largely contributing to the elastolytic process.
Observation of the increased number of macrophages after CS exposure was also associated with changes in lung extracellular matrix. There was a decrease of elastic fiber and alveolar septa volume fractions progressively up to CS60d; however, the collagen fiber volume fraction decreased up to CS30d, then new deposits were observed resulting in an augmentation of the collagen fiber volume fraction at CS60d in parallel with an increase of the airspace volume fraction. Rare neutrophils were found in the lungs from CS-exposed mice in this protocol.
These results differ from Churg et al. (2002) that related the requirement of both neutrophils and macrophages to induce the acute smoke-induced connective tissue breakdown. The Churg study, however, performed the CS exposition for only a few days, probably reflecting an acute injury. March et al. (2002) related the presence of neutrophils in B6C3F1 mice after 7 and 13 months of CS exposition in association with the progression of the lung injury. The major role of macrophage found in our protocol is in accordance with data from Ofulue and Ko (1999) , who observed few changes in the lung when rats were treated with an anti-macrophage antibody during exposure to CS for 1 to 6 months.
Our research suggests that chronic cigarette smoke may be a powerful chemotactic factor to macrophages but not to neutrophils. Moreover, in the presence of serum or proteinase inhibitors, only alveolar macrophages metalloelastase, not neutrophil elastase, degrade elastin (Niewoehner, 1988; Evans and Pryor, 1994; Shapiro, 1994) .
MMP-12 is a 22-kd (active form) member of the metalloproteinase family. This enzyme, the primary elastase enzyme of the macrophage, can hydrolyze a broad spectrum of extracellular matrix components and has been seen as necessary for macrophage-mediated proteolysis of the extracellular matrix during invasion (Shipley et al., 1996) .
Previous studies also suggest that metalloelastase expression may lead to the development of emphysema in a murine model (Hautamaki et al., 1997; Sansores et al., 1997; Ofulue and Ko, 1999) . To evaluate the expression of MMP-12, immunohistochemistry was performed; with 10 days of CS exposure, lung macrophages exhibited positivity. The MMP-12 was expressed in alveolar and septal macrophages also in the groups with 20 and 30 days of CS exposure. This metalloproteinase could be responsible for the emphysema condition in the mouse lungs at 30 and 60 days of CS exposure.
Our study suggests that the cigarette-smoke injury may be proportional to the inhaled amount and the exposure time. Hautamaki et al. (1997) detected pulmonary emphysema and alveolar macrophages expressing MMP-12 at 90 days. This difference may be explained by the cigarette-smoke exposure design that can result in an earlier development of pulmonary emphysema and/or metalloelastase expression in our protocol. In this study, the reason for the reduction in expression of metalloelastase in the group of 60 days is still unknown. It is probable that other enzymes have participation in the continuity of the degradation of septal extracellular matrix components. The fact that metalloelastase of alveolar macrophages is rapidly discharged into the milieu in CS60d resulting in its difficult detection in the cell cytoplasm cannot be discarded. In situ hybridization studies should be performed to verify this suggestion. On the other hand, another repertoire of enzymes, collagenase, stromelysin, and matrilysin could be activated in accordance with the dose or time of CS. Finally, the role of TIMPs (tissue inhibitor of metalloproteinases) suppressing the action of metalloelastase cannot be excluded.
In conclusion, mice exposed to CS have a pulmonary emphysema-like condition after 60 days, with extracellular matrix changes (mainly degradation of elastic fibers) and thickening of alveolar septa due to collagen deposits. An increase of alveolar macrophages expressing MMP-12 may be 356 VALENÇ A ET AL.
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